THIS paper attempts to show how a knowledge of the physiology of nervous conduction may help to explain what is happening when the activity of the neurone is impaired by disease. It is true that in many nervous diseases the familiar symptoms are due not to the defective activity but to the complete failure or death of a group of neurones in some part of the central nervous system, and our treatment must depend on a knowledge of bacteriology, of the paths of infection, the pathology of blood-vessels, &C.
There are, however, some diseases in which the symptoms appear to be due to a true disorder of function such as a diminished power of conduction, or an excessive response to a stimulus. Such disorders as toxic polyneuritis or trigeminal neuralgia are perhaps the best examples, and here an exact knowledge of what is wrong with the neurone would become a matter of practical value.
It cannot be claimed that our present knowledge of the physiology of the nervous impulse does give very much help in understanding these disorders, but at least it gives an indication of what is possible and what is not.
Our knowledge of nervous conduction is based mainly on a study of the effects of electrical stimuli on isolated nerves. The disturbance which travels down the nerve after an adequate stimulus reveals itself by three changes: (a) There is a momentary change of electric potential which passes down the nerve; (b) there are changes of excitability which follow in the wake of this; and (c) there is a reaction in the organ to which the nerve is connected.
By combining these different indicators it can be shown that the electric response is an invariable accompaniment of the impulse, and that it forms the only measurable expenditure of energy occurring in its transmission. The electric response must be caused by a movement of ions in or out of the fibre in the active region, and this movement of ions seems to be all or almost all that happens.
The exact mechanism of the change is naturally a more debateable matter, but there is a great deal of evidence to support what is generally known as the "membrane theory," proposed originally by Bernstein and advocated very strongly in recent years by Lillie [1] . There is no need to go into this at any length. It supposes that the electric response is caused by a leakage of ions stored up under pressure inside the fibre; that these ions can leak out because in the active region there is a sudden increase in the permeability of the surface layers of the fibre; and that the movement of ions in one section causes a similar change in the next section, so that the effect is propagated rapidly down the fibre. An important point about this theory is that the energy needed for the transmission of the impulse is derived, not from the stimulus, but from the fibre itself, and that it is extremely small. Actual measurements of the electrical effect and the absence of any temperature change have shown that the expenditure of energy for each impulse is less than one hundred thousandth of that expended in the twitch of a muscle fibre [2] . Evidently, therefore, the transmission of nervous impulses does not make any great demands on the metabolism of the cell as far as mere calories are concerned. The other important point is that the fibre, or some part of it, is supposed to be surrounded by a membrane or surface layer which is in a state of very delicate equilibrium. Both the appearance and disappearance of the active state (or the " impulse ") are supposed to depend on a change in the permeability of the surface layer, and it is absolutely essential that this layer should react rapidly and completely to a small change in its surroundings [3] . For what follows it is not necessary to accept the membrane theory; it is mentioned because as far as its general outlines are concerned it rests on a fairly sure foundation and it gives a definite picture of the nervous impulse as a little patch of surface leakage spreading along the fibre and being sealed up again almost as soon as it has formed. Whatever its precise nature may be, the nervous impulse is a disturbance which never lasts for more than a few thousandths of a second at any point. The period of activity dies away, and is succeeded by a refractory period during which the fibre cannot be made to respond at all. The refractory period is important, for it shows that the nerve fibre cannot remain continuously active; it can only respond intermittently-like a beating heart-and in a mammalian nerve trunk the impulses can succeed one another at a rate of 400 a second, but they can never become fused. It is, however, quite likely that their effects can become piled up at synapses or nerve-endings. The existence of the refractory state has often been taken to show that the nerve fibre is fatigued after the passage of an impulse, and needs time to recuperate. This suggests that we might find considerable changes in the duration of the refractory state when the neurone is diseased, that it might take a longer time to recover after each impulse. But it is an interesting fact that under experimental conditions the only circumstance which seems to affect the refractory period at all is a change of temperature. Lucas [4] showed that the conductivity of the nerve could be completely abolished by alcohol without any alteration in the refractory period, and there is no evidence that other narcotics or other conditions which impair the activity of the fibre have any appreciable effect on the rate of recovery from an impulse. This generalization is probably too sweeping, but it shows that we need not expect much alteration in the refractory period of a diseased neurone. Now impulses of the kind we have described, electric disturbances followed by the refractory state, are the only kind of change we can detect in an isolated motor or sensory nerve trunk, but it does not follow that some other kind of change may not occur in the nerves when we are dealing with the intact central nervous system. We have no direct evidence about the kind of disturbance which travels up a sensory nerve when the end organs are-stimulated, though the fact that sensations and reflexes are given by the electrical stimulation of a sensory nerve trunk shows that the impulses set up by electrical stimulation of a nerve fibre cannot differ very much from those occurring naturally. But there is fairly good evidence that the skeletal muscles are normally brought into play by impulses coming out of the central nervous system which do not differ in any way from those studied in isolated nerve. The most direct evidence is that supplied bv Gasser and Newcomer [5] . Using a valve amplifying device with the string galvanometer, they have been able to record the electric responses in the phrenic nerve during respiration, and they find that each contraction of the diaphragm is produced by a series of about 80 to 180 impulses of the usual type occurring at the rate of 70 to 100 a second. A good deal of less direct evidence comes out of work on the electromyogram and Hoffmann's recent studies on the tendon reflexes [6] . The dispute about tonic contraction, sympathetic innervation, and so on, is still with us, so that we cannot exclude the possibility that there may be other kinds of nervous activity, but at any rate a good deal of the work of the nervous system is done by impulses of the ordinary type.' It is possible, therefore, to analyse a little more closely the nature of some of the disturbances of function which may be produced experimentally or by disease.
The simplest disturbance, and one which accounts for a great deal of the symptom production of nervous disease, is a partial or a complete failure to transmit impulses. Now in an isolated nerve trunk we can bring about a partial or complete failure of conduction in many ways-by narcotics, poisons, mechanical injury, &c.-but however we do it, the process of failure always seems to be the same. When it reaches the affected area the impulse becomes smaller and smaller as it travels along until eventually it dies out altogether. The greater the degree of narcosis, the more severe the injury, the more rapidly will the impulse die away and the shorter the distance will it be able to travel before it is extinguished.
This disordered form of conduction, " conduction with a decrement" as it is called, is always the first step towards complete failure however this may be brought about. In one sense we may regard it as merely a reversion to a more primitive type of conduction. Verworn [7] pointed out ten years ago that the transmission of an impulse down a highly specialized structure like the medullated nerve fibre is a much more efficient process than that taking place in less specialized tissues. In the long cell processes of some of the protozoa, and in the nerve network of the sea anemone, conduction with a decrement seems to be the normal event: the disturbance set up by a stimulus becomes less and less intense as it travels away from its point of origin and the initial intensity of the disturbance varies with the strength of the stimulus, so that the disturbance set up by a strong stimulus will travel further and cause a more widespread response. This kind of conduction is all very well in an animal with a diffuse nervous system, but it would be very awkward in animals in which there is a central nervous system joined to the end organs by nerve trunks of different length. At any rate in all the more highly developed nervous systems we find that in the specialized conducting tracts (the peripheral nerves and white matter) the disturbance is normally conducted over long distances without any reduction in its intensity, so that it does not matter how far the end organ may be from the central nervous system. This more perfect form df conduction carries with it one possible disadvantage, namely, that the intensity of the disturbance (or impulse) must always be the same ; it can no longer vary with the strength of the stimulus which sets it up. The all-or-nothing reaction of the nerve fibre excludes one possible method of varying the intensity of response in the end organ, but it seems to be a necessary consequence if the impulse is to be conducted without loss of intensity, and there are other ways in which a graded response may be obtained. But this highly developed form of conduction with impulses of maximum and unchanging intensity can only go on as long as the fibre is in a healthy state and as soon as this is interfered with the fibre reverts to the less perfect form of conduction and the impulse begins to dwindle in intensity as it passes through the unhealthy area. If the length of this is considerable or the disorder severe, the impulse will be extinguished altogether and there will be a complete failure of conduction. The immediate cause of the change from the normal to the decremental type of conduction seems to be an interference with the surface membrane; narcotics make the surface less permeable [8], apparently by dissolving in it and causing a mechanical obstruction; injury may destroy it altogether, but anything which will interfere with its sensitiveness to changes in ionic concentration will also prevent the proper development of the electric response and its transmission from one section to the next. Incidentally the impulse is usually conducted at a slower rate in the affected region.
The practical bearing of all this is that any condition which interferes with the conductivity of a nerve fibre will have a greater effect in proportion to the length of nerve over which it acts, for the decrease in the size of the impulse is proportional to the distance it has to travel in the affected fibre.
There is not very much to be said about mechanical injury or pressure as a cause of imperfect conduction. A good deal of research has been done on the effects of gradual compression, which can abolish conduction temporarily without leading to any permanent impairment, and it has been shown that moderate pressure over a considerable length of nerve has the same effect as greater pressure over a shorter length, which is what we should expect if the compression produced decremental conduction.
Much more interesting is the failure or partial failure of conduction which occurs in the various forms of toxic neuritis or polyneuritis, due to arsenic, alcohol, diabetes, diphtheria, and so on. Here the whole length of the nerve trunks must be exposed to the toxin and from what we know of nervous conduction it seems almost certain that the first sign of failure will be the appearance of conduction with a decrement, the gradual dwindling in the intensity of the impulse as it passes along. Now if all the nerves were equally affected and uniformly affected throughout their length, we should find that the first impulses which would fail to reach their destination would be those which had the longest distance to travel. In other words we should find that the paralysis and the loss of sensation would appear first in the hands and feet and would rarely affect the trunk. No doubt there are other factors as well to account for the distribution of the symptoms: for instance the end of a very long axon may be less resistant because it is a long way from the cell nucleus, and the fact that the histological changes are often confined to the extremities of the nerve trunks makes it clear that the long fibres are more seriously affected than the short. At the same time the greAt probability of decremental conduction is a factor which must certainly be taken into account: it would lead inevitably to an earlier failure in the longer conducting paths and this must play some part in the distribution of the symptoms.
In the polyneuritis produced in birds by feeding them on polished rice there is definite evidence of decremental conduction in the nerves. Kato, Shizume and Maki [91 have made some very interesting observations on muscle nerve preparations from chickens fed on polished rice and they have shown that the affected nerves can conduct an impulse for a short distance but not for a long, and that the velocity of conduction is slower than normal.
The disordered conduction clears up in a few hours after the injection of rice-bran extract, but there is no general agreement as to how the extract works.
Unfortunately, decremental conduction is such a universal reaction to any harmful agent that its existence does not help us to decide the mode of action of any particular toxin. To go any further would need an investigation of many other properties of the nerve fibre and would involve the removal of the nerve from the body. It is true that there is one property, that of excitability to electrical stimuli, which can be determined in an intact subject, and this function can now be investigated more thoroughly by determining a factor which relates the strength and the duration of the current needed to stimulate.
Lapicque, who has inspired most of this work, has called this factor the "chronaxie; " roughly speaking, it gives an idea of the rate at which the different reactions take place when the nerve is stimulated. Laugier and Bourguignon have measured the chronaxie in different nervous diseases and found distinct though not very large changes in it, but, again, there is not much to separate the effects of different toxins.
So far we have confined ourselves to a disorder of function in which the activity of the neurone is diminished. It would be of greater value to know something of the disorders in which there is not a failure but an excess of activity, disorders like trigeminal neuralgia for instance, or epilepsy. Unfortunately information derived from a study of medullated nerve fibres cannot be applied without qualification to cover the fibres which are concerned with pain sensations and still less can we apply it to the cells in the cortex. At the same time there can be very little doubt that in disorders of this sort the neurone may suddenly start discharging a series of impulses in response to a stimulus which would normally have little effect on it. Here we can at least get a clearer idea of what may be wrong by considering the normal process of excitation. When an electric or mechanical stimulus is applied to a nerve fibre it will not be successful in setting up an impulse unless it satisfies two conditions: (a) It must be able to produce a disturbance (a change in polarization) of a certain minimum intensity in the fibre; and (b) it must do this in a certain definite time. The nerve appears to adapt itself rapidly to the new conditions, so that if the stimulating current is increased gradually from zero, instead of being turned on suddenly, it may never stimulate at all, although its final value is very large. This power of adaptation plays a very important part in the activity of the nerve fibre, for as long as it is effective an impulse will only be set up-when the external conditions are actually changing. As soon as a steady state is reached, e.g., during the passage of a constant current, or after an injury has been established, the fibre should come into equilibrium with its surroundings again and no more impulses should be set up. The power of adaptation is limited-a very strong constant current may set up a series of impulses-and it varies to some extent with the state of the fibre. We know at least that it is altered by a change in the relative proportions of the different ions in the perfusing fluid, but physiologists have not studied it at all exhaustively. It is pure speculation to suggest that the excessive response of a neurone may be due to a failure of this adaptive mechanism, but if it did fail the neurone would certainly respond with a long series of impulses to stimuli, such as a steady mechanical pressure, which would normally be quite inadequate to produce any response. On the other hand the adaptive mechanism may be normal and the trouble might lie in an abnormal instability of the surface membrane, which would become " active " in response to an unusually small change of conditions. To decide between these alternatives, if they are alternatives, is not beyond the range of experiment, but this would only be a beginning, and before we could get very far we should have to learn a great deal more about the mechanism of pain in terms of the nervous impulse.
Here we are still very much in the dark, in spite of the great insight into the central mechanisms of pain which Dr. Head's work has given us.
To go any further with thesq speculations would lead us into fields where our present knowledge of the nervous impulse would be of very little use.
Knowledge as to what happens in the synaptic areas of the central nervous system is still too uncertain to supply us with any basis for a study of disordered conduction there. At the same time we have recently seen what great advances may be made in the understanding of cardiac disorders by means of detailed investigation of the development and conduction of the impulse in the heart muscle. So far as we can tell the change which is conducted in the heart differs only in degree from the impulse in a nerve. The conducting paths in the nervous system are much more complicated than in the heart, but that is perhaps all the more reason for considering the results which may follow when the excitation or conduction of the nervous impulse is modified by disease.
